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The formation of the anteroposterior axis in mice requires aWnt3-dependent symmetry-breaking event
that leads to the formation of the primitive streak and gastrulation. Wnt3 is expressed sequentially in
two distinct areas of the mouse embryo before the appearance of the primitive streak; ﬁrst in the
posterior visceral endoderm and soon after in the adjacent posterior epiblast. Hence, although an axial
requirement forWnt3 is well established, its temporal and tissue speciﬁc requirements remain an open
question. Here, we report the conditional inactivation of Wnt3 in the epiblast of developing mouse
embryos. Contrary to previous studies, our data shows that embryos lacking Wnt3 speciﬁcally in the
epiblast are able to initiate gastrulation and advance to late primitive streak stages but fail to thrive
and are resorbed by E9.5. At the molecular level, we provide evidence that Wnt3 regulates its own
expression and that of other primitive streak markers via activation of the canonical Wnt signaling
pathway.
& 2012 Elsevier Inc. All rights reserved.Introduction
In mice, the formation of the primitive streak on the posterior
side of the embryo at embryonic day 6.5 (E6.5), marks the
morphological initiation of gastrulation (Arnold and Robertson,
2009). Tissue recombination experiments have hinted that a
signaling event emanating from the posterior visceral endoderm
is responsible for the formation of the primitive streak and
gastrulation (Belaoussoff et al., 1998). However, the identity of
the signaling molecule and the molecular mechanisms by which
the epiblast receives and reacts to this signal remain elusive.
Genetic studies indicate that the Wnt signaling pathway is at
the core of the molecular events that control gastrulation in
mouse embryos. Ablation of Wnt3, leads to complete absence of
the primitive streak and gastrulation failure (Liu et al., 1999).
Simultaneous inactivation of the Wnt co-receptors Lrp5 and Lrp6
or absence of their chaperone, Mesd, phenocopies the Wnt3 null
phenotype (Hsieh et al., 2003; Kelly et al., 2004). Conversely,
ablation of Axin, a negative regulator of the canonical Wnt
signaling pathway, or ectopic expression of the chick Wnt8c gene
in mouse embryos lead to duplication of the primitive streak
(Popperl et al., 1997; Zeng et al., 1997).ll rights reserved.
Rivera-Pe´rez).Wnt3 is a Wnt signaling molecule expressed in the early post-
implantation mouse embryo in a sequential manner: ﬁrst, it is
observed in the posterior visceral endoderm, an extra-embryonic
tissue, at around E5.5, and six hours later, at E5.75, Wnt3
expression is evident in the epiblast, the region of the conceptus
that forms the embryo (Rivera-Perez and Magnuson, 2005).
The expression in the epiblast is restricted to a region directly
abutting the posterior visceral endoderm (Rivera-Perez and
Magnuson, 2005). Because of its dual expression pattern, the role
of Wnt3 in anteroposterior axis formation cannot be assigned to
either tissue in standard knockout experiments. Moreover, the
molecular events downstream of Wnt3 signaling in the develop-
ing embryo are not understood.
In order to determine the function of Wnt3 in the epiblast we
conducted a tissue speciﬁc knockout of Wnt3 using an epiblast-
speciﬁc Cre line, and a conditional allele of Wnt3. In addition, we
investigated the intracellular events that control Wnt3 expression
at the onset of gastrulation. Our results reveal that embryos
lacking Wnt3 speciﬁcally in the epiblast are capable of specifying
the anteroposterior axis and initiate the process of gastrulation.
However, they are not able to complete gastrulation and are
resorbed at approximately E9.5. These results run contrary to
previous studies that suggested that Wnt3 is essential in the
epiblast for establishment of a primitive streak and gastrulation
(Barrow et al., 2007). We also provide evidence that, at the
promoter level,Wnt3 controls not only the expression of primitive
streak markers but also its own expression through activation of
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Wnt3 function in the epiblast is essential for the maintenance
of gastrulation but not its initiation and provide mechanistic
evidence for how Wnt3 regulates its own expression in order to
orchestrate gastrulation in mice.Materials and methods
Embryo staging and mouse strains
Embryos were staged using morphological landmarks as pre-
viously described (Downs and Davies, 1993; Rivera-Perez et al.,
2010) or described as days of development. Noon of the day that a
mating plug was observed was considered embryonic day 0.5
(E0.5) of development. CD-1 mice were obtained from Charles
River Laboratories. Sox2cre mice were obtained from the Jackson
laboratory (Stock no. 004783).Wnt3c mice were obtained from Dr.
Jeff Barrow (Barrow et al., 2003). Wnt3lacZ mice were provided by
Dr. Richard Behringer. These mice carry an IRES-lacZ cassette that
was inserted in the unique ClaI site of exon 4 of the Wnt3 locus
creating a null allele (MGI:5439832). All animals were maintained
as CD-1 outbred stocks.
Whole-mount RNA in situ hybridization
We performed whole-mount in situ hybridization as described
(Rivera-Perez and Magnuson, 2005). Brieﬂy, embryos were dis-
sected using forceps and ﬁxed overnight at 4 1C in 4% parafor-
maldehyde prepared in PBS. After ﬁxation, the embryos were
dehydrated in methanol series and stored in 100% methanol at
20 1C. Hybridization was conducted at 70 1C. The probes were:
Wnt3, a 0.8 kb cDNA fragment containing exons 3–5 (Liu et al.,
1999). Wnt3 30F, a 1050 bp fragment of exon 5 containing a piece
of the 30UTR. Brachyury, full length cDNA probe of 1308 bp
(Herrmann, 1991). Fgf8, full length cDNA, 1100 bp. Axin2, 2420 bp
cDNA piece containing part of exon 2, exons 3–9 and a portion of
exon 10. Sp5, full length cDNA, 1540 bp. Hesx1, cDNA piece contain-
ing part of exon1, exon2 and a portion of exon 3, 394 bp (Thomas
and Beddington, 1996b). Hex, 527 bp fragment from 281–818 bp of
cDNA sequence (Thomas et al., 1998) and Dkk1, full cDNA sequence,
1235 bp (Miura et al., 2010). All riboprobes were prepared using a
digoxigenin RNA labeling kit (Roche Cat. no. 1175025).
Preparation of mouse embryonic ﬁbroblasts
MEFs were prepared using E13.5 CD-1 embryos as previously
described (Nagy et al., 2003).
Preparation of Wnt3-conditioned media
To obtain Wnt3-conditioned media, we transfected HeLa cells
with pCMV-Wnt3-2a-eGFP. This plasmid produces a bicistronic
message that contains the self-cleaving 2A peptide (Szymczak and
Vignali, 2005), inserted between Wnt3 and eGFP. To generate
pCMV-Wnt3-2a-eGFP, a 1.2 kb fragment containing the Wnt3 cod-
ing region was PCR-ampliﬁed from a Wnt3 cDNA plasmid obtained
from Open Biosystems (Cat. no. 40039305). The ampliﬁed fragment
was digested with XhoI and BspEI and subcloned into the pCAG-SH-
RG plasmid (Stewart et al., 2009). Next the Wnt3-2a-EGFP cassette
was PCR-ampliﬁed, digested with NheI and BglII and subcloned
into pCMV-GFP (Clontech, Cat. no. 6082-1) digested with NheI
and BamHI. All transfections were carried out using FUGENE HD
reagent (Promega Cat. no. E2311). The transfection success was
evaluated by the presence of eGFP, using ﬂuorescence microscopy.
The efﬁciency of the transfection, using HeLa cells was 60%–70%.Twenty-four hours after transfection, the media was replaced by
MEF media composed of DMEM (Gibco, Cat. no. 12100-046), 10% FBS,
1 Glutamax (Invitrogen, Cat. no. 35050-061), Penicillin (100 U/ml),
Streptomycin (100 mg/ml) (Invitrogen, Cat. no. 15140-122). Media
was collected every 24 h for three days, stored at 4 1C and used
within 4 days. Before use Wnt3-conditioned media was cleared by
centrifugation (5 min, 1000 g) and ﬁltered through a 0.45 mm ﬁlter.
Control conditioned media (GFP-conditioned media), was generated
by transfecting HeLa cells with a pCMV-eGFP construct.
Wnt3 treatment and immunoﬂuorescence
MEFs cells were grown on cover slips placed in 12-well plates
containing MEF media. When the cells reached about 70% conﬂuence
the media was replaced either with MEF media,Wnt3-conditioned or
GFP-conditioned media and incubated overnight. The cells were then
ﬁxed in 4% PFA for 40 min and washed in TBS-1 (10 mM Tris–HCl,
pH7.7, 150mMNaCl, 3 mMKCl, 1.5 mMMgCl2, 0.05% Tween 20, 0.1%
bovine serum albumin and 0.2% glycine). Cells were blocked in TBS-1
for 1 h and then incubated overnight at 4 1C with mouse anti-
b-catenin antibody diluted 1:50 (BD Transduction lab, Cat. no.
610154) in TBS-1. The next day, cells were washed three times for
15min with TBS-1 and incubated for one hour with goat anti-mouse
Alexa 488 secondary antibody (Molecular probes, Cat. no. A10680)
diluted 1:1500 at room temperature. Cells were then washed twice
for 15min in TBS-1 and incubated with DAPI (Sigma Cat. no. D9564)
for 30 min. Cells were mounted on the glass slides using prolong gold
mounting media (Molecular Probes, Cat. no. P36930) and visualized
using ﬂuorescence microscopy (Leica DMI 6000B). Quantiﬁcation of
cells with nuclear localization of b-catenin was performed by
selecting ﬁve adjacent ﬁelds per treatment (Control media, GFP-
conditioned media, Wnt3-conditioned media). The experiments
were repeated three times and were scored by two investigators.
One investigator scored the cells blindly. Each ﬁeld averaged
around 20 cells. Cells were assessed based on their nuclear staining
(blue) and b-catenin staining (green). All cells with accumulation
of b-catenin in their nuclei (blue) were counted and plotted as a
percentage of the total number of cells. The scoring of b-catenin
positive nuclei was validated by confocal microscopy (Leica SP1
laser scanning confocal microscopy). Cells that were scored as
negative had ﬂuorescence above or below the nucleus, but did not
have nuclear ﬂuorescence in an optical section through the
nucleus. Cells scored as positive had a high level of nuclear
ﬂuorescence in optical sections through the nucleus.
RNA isolation and quantitative PCR
For quantitative PCR analysis, P3 MEF cells were grown in 10 cm
tissue culture plates, until they reached 70% conﬂuence. At this point,
they were incubated overnight in control orWnt3-conditioned media.
The next day cells were harvested and the RNA was isolated using
TRIzol (Invitrogen, Cat. no.15596-026). The RNA was digested with
DNAse I for 30min at 37 1C to yield DNA-free RNA samples and
puriﬁed using a DNA-free RNA kit (Zymo Research, Cat. no. R1013).
One microgram of total RNA was utilized for reverse transcription
reactions to generate cDNA using the Superscript III First Strand kit
(Invitrogen, Cat. no. 18080-051). Quantitative PCR was performed
with Fast SYBR Green Master Mix (Applied Biosystem, Cat. no.
4385612). The primers used for qPCR were designed with at least
one of the primers spanning an intronic region in order to prevent
ampliﬁcation of genomic DNA contaminants. The following primers
were used: Axin2: 50-CTCCTTGGAGGCAAGAGC-30 and 50-GGCCACG-
CAGCACCGCTG-30 (Jho et al., 2002). Brachyury: 50-TACCCCAGCCCC-
TATGCTCA-30 and 50-GGCACTCCGAGGCTAGACCA-30; Cyclin D1: 50-
TCGTGGCCTCTAAGATGAAG-30 and 50-TTTTGGAGAGGAAGTGTTCG-30
(Zhang et al., 2009); Gapdh (50-AAGGTCATCCCAGAGCTGAA-30 and
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Fig. 1. Analysis of primitive streak markers in epiblast-speciﬁc Wnt3 null embryos dissected at E6.5. A. Schematic representation of Wnt3 alleles. Wnt3, wild-type; Wnt3c, ﬂoxed
allele. The loxP sites are marked as yellow triangles and a residual FRT site is marked as an orange oval.Wnt3D3,4, recombined null allele;Wnt3lacZ, null allele. An IRES-lacZ cassette
was inserted in the unique ClaI site present in the exon 4 of theWnt3 locus creating a null allele. B. Breeding strategy to generate embryos lackingWnt3 speciﬁcally in the epiblast.
Using this strategy half of the embryos obtained will carry null mutations in theWnt3 locus solely in the epiblast and the other half will be heterozygous controls (Wnt3c/þ). C–G.
Characterization of epiblast-speciﬁcWnt3 knockout (Epi KO) and control littermates.Wnt3 is not expressed in Epi KO embryos (C). T expression in the posterior epiblast is absent
while expression in the extra-embryonic ectoderm (red arrowhead) is reduced (D). E–G. Expression of Axin2, Sp5 and Fgf8 is evident in the posterior epiblast of control embryos but
not the posterior epiblast of mutant embryos. H–K. Characterization of epiblast-speciﬁcWnt3 knockout embryos using AVE markers. Dkk1, Hesx1 and Hex are expressed in the AVE
of mutant embryos (red arrows). J and K. Hex is expressed in the nascent mesendoderm of control embryos, but its expression is greatly diminished in mutant embryos (black
arrows). Note the presence of a bulge protruding from the posterior epiblast into the proamniotic cavity in the mutant embryo shown in K. Scale bars 100 mm.
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CAAGCACAACAATGAAGCAGG-30 and 50-TCGGGACTCACGGTGTTTC-
TC-30 (Binnerts et al., 2007); Wnt3-P2 (Forward 50-GACAAAGC-
CACCCGTGAATC-30 and 50-ACTTCCAGCCTTCTCCAGGT-30. Ampliﬁca-
tion was performed using the ABI StepOne Plus Real Time PCR
System (Applied Biosystems). Relative expression of each gene was
measured based upon the DDCt method using Gapdh as control
(Livak and Schmittgen, 2001).
Chromatin immunoprecipitation
MEF cells were cultured in 10 cm plates (3106 cells/plate)
for 12 h either in MEF media or Wnt3-conditioned media.
The cells were then cross-linked in 1% formaldehyde (Fisher),
lysed in buffer containing 1% SDS, 10 mM EDTA, 50 mM Tris–HCl,
(pH 8.1), incubated on ice, and sonicated to obtain DNA fragments
of approximately 600 bp. Next, 150 mg of sonicated DNA was
diluted 10-fold in immunoprecipitation buffer (0.01% SDS, 1.1%
Triton-X100, 1.2 mM EDTA, 16.7 mM Tris (pH 8.1), 167 mM NaCl)
containing protease inhibitors (1 mM phenylmethylsulfonyl
ﬂuoride, 1 mg/ml aprotinin, 1 mg/ml pepstatin A). One tenth of
the sample was stored at 20 1C to be used as input control. The
remaining sample was precleared with 30 ml of protein A beads
(50% slurry) (Amersham) containing 20 mg of sonicated salmon
sperm DNA and 1 mg/ml BSA in TE (10 mM Tris–HCl pH 8.1,
1 mM EDTA) at 4 1C for 1 h. Cleared lysates were incubated with
3 mg of mouse anti-b-catenin antibody (BD Transduction Labora-
tories, Cat. no. 610154) overnight. Normal mouse IgG (Santa Cruz
Biotechnology, Cat. no. sc-2015.) was used as an immunoprecipi-
tation speciﬁcity control. To precipitate immune complexes 50 ml
of 50% slurry of protein A beads were added to the cell lysates and
incubated for 2 h at 4 1C and then centrifuged at 1000 g for
1 min. The sepharose precipitate complex was washed ﬁve times
using the following buffers for 5 min each at 4 1C. Buffer A:
20 mM Tris–HCl (pH 8.1), 2 mM EDTA, 0.1% SDS, 1% Triton
X-100, 150 mM NaCl. Buffer B: 20 mM Tris–HCl (pH 8.1), 2 mM
EDTA, 0.1% SDS, 1% Triton X-100, 500 mM NaCl. Buffer C: 0.25 M
LiCl, 1% NP-40, 1% sodium deoxycolate, 1 mM EDTA, 10 mM Tris–
HCl (pH 8.1). Next the samples were washed twice with TE (pH
8.0). Immune complexes were eluted from the beads by adding 1%
SDS in 0.1 M NaHCO3, mixed by quickly vortexing and incubated
at room temperature for 30 min with rotation. The samples were
then centrifuged at 1000 g for 1 min to pellet the agarose beads
and the supernatant was carefully transferred to another tube.
Protein-DNA cross-links of both sample and the inputs were
reversed by adding NaCl (200 mM ﬁnal concentration) and heat-
ing at 65 1C overnight. Samples were then treated with 100 mg/ml
proteinase K for 1 h at 37 1C and heated up to 95 1C. The DNA was
puriﬁed using the Qiaquick PCR puriﬁcation kit (QIAGEN, Cat. no.
28704). Analysis of immunoprecipitated DNA was performed by
PCR ampliﬁcation or by qPCR using a Fast SYBR Green PCR kit
(Applied Biosystems, Cat. no. 4385612). Ampliﬁcation was per-
formed using an ABI system (ABI StepOne Plus Real Time PCR
System, Applied Biosystems). The following primers were used:
Wnt3: 50-GATCCCAGTCGCGCGATC-30 and 50-GAGCCAGGTTTAGG-
GAGCTG-30. Brachyury: 50-CTTTGATGGAGGTGCAAACA-30and 50-
GCGGCCATATCAGACTGG-30 and IgH 50-GCCGATCAGAACCAGAA-
CACC-30 and 50-TGGTGGGGCTGGACAGAGTGTTTC-30.
Chromatin immunoprecipitation in mouse embryos
For embryo chromatin immunoprecipitation (ChIP), 140 E6.5
embryos were dissected from ﬁfteen litters of wild-type CD1
females. The embryos were dissected in low glucose DMEM
(Gibco Cat. no. 31600-034) containing 10% fetal bovine serum
and penicillin (100 U/ml), streptomycin (100 mg/ml) (Invitrogen,Cat. no. 15140-122). After dissection, the embryos were cross-
linked in 1% formaldehyde for 10 min. Crosslinking was stopped
by adding glycine (125 mM ﬁnal concentration) for 5 min. The
embryos were then washed twice in 1 ml ice-cold PBS containing
protease inhibitors (aprotinin 1 mg/ml, pepstatin 1 mg/ml and
1 mM PMSF) and pelleted for 30 s using a microcentrifuge. After
centrifugation, the excess supernatant was removed and the
embryos were stored in liquid nitrogen. For ChIP assay, the
embryos were resuspended in 350 ml of lysis buffer and processed
according to the protocol above.
Genotyping
Mice were genotyped using a 2 mm piece of the tail tip.
The tail tips were incubated overnight at 56 1C in 200 ml of PBND
buffer (50 mM KCl; 10 mM Tris–HCl, pH 8.3; 25 mM MgCl2;
0.1 mg/ml bovine Gelatin; 0.45% IGEPAL; 0.45% Tween 20) con-
taining 100 mg of proteinase K. The next day, proteinase K was
heat inactivated at 95 1C for 5 min. One microliter of the lysate
was used for PCR reactions. PCR reactions were carried out using
GoTaq Flexi DNA polymerase (Promega Cat. no. M829B). Embryos
were genotyped retrospectively after whole-mount in situ hybri-
dization and removal of the ectoplacental cone or after isolation
of germ layers. To isolate the epiblast we severed the embryos at
the extra-embryonic ectoderm/ectoplacental cone and epiblast/
extra-embryonic ectoderm junctions. The epiblast was separated
from the visceral endoderm layer enzymatically as previously
described (Nagy et al., 2003). The following primers were used for
genotyping: Wnt3 ﬂoxed and wild-type alleles: 50-TGGCTTCAG-
CATCTGTTACCTTC-30 and 50-AAGATC CCCATACTGCCATCAC-30;
Cre: 50-TCCAATTTACTGACCGTACACCAA-30 and 50-CCTGATCCTGG-
CAATTTCGGCTA-30); lacZ: 50-TGGCGTTACCCAACTTAATCG-30 and
50-ATGTGAGCGAGTAACAACCCG-30.Results
Wnt3 function in the epiblast is essential for the maintenance
of gastrulation but not its initiation
To determine whether Wnt3 is required in the epiblast for
speciﬁcation of the primitive streak and/or gastrulation, we
conducted an epiblast-speciﬁc knockout of Wnt3 using Sox2cre
transgenic mice and a ﬂoxed allele of Wnt3 (Fig. 1A–B). Sox2cre
mice express Cre recombinase exclusively in the epiblast layer
of mouse embryos when the transgene is inherited from the
paternal side (Hayashi et al., 2002, 2003). This transgenic line has
been used previously to successfully recombine ﬂoxed alleles in
the epiblast of the developing embryo (Barrow et al., 2007;
Hayashi et al., 2002; Kwon et al., 2008; Madabhushi and Lacy,
2011; Miura et al., 2010). To generate epiblast-speciﬁc Wnt3
mutant embryos, we crossed male mice heterozygous for a
null allele of Wnt3 and homozygous for the Sox2cre transgene
(Wnt3lacZ/þ;Sox2cre/cre) and females homozygous for a ﬂoxed allele
of Wnt3 (Wnt3c/c) (Fig. 1B). In this cross, we expected half of the
embryos to beWnt3 epiblast nulls (Wnt3lacZ/c;Sox2cre/0) and half to
be littermate controls (Wnt3þ /c;Sox2cre/0). We hypothesized that if
Wnt3 function in the epiblast is essential for primitive streak
formation, an epiblast-speciﬁc knockout of Wnt3 would pheno-
copyWnt3 null embryos and lead to absence of a primitive streak,
gastrulation failure and death (Liu et al., 1999).
Epiblast-speciﬁc Wnt3 null embryos dissected at E6.5 had
no morphological signs of the presence of a primitive streak.
Wholemount in situ hybridization experiments showed a total
absence of Wnt3 expression in the epiblast of Wnt3 epiblast
knockout embryos (n¼11) (Fig. 1C), indicating highly efﬁcient
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was also absent in the posterior visceral endoderm of epiblast-
speciﬁc Wnt3 knockout embryos (Fig. 1C).
To assure that the Wnt3 locus had been thoroughly recom-
bined in the epiblast of mutant embryos we performed tissue
speciﬁc PCR genotyping of pre-streak embryos (Suppl. Fig. 1). For
genotyping, the ectoplacental cone was removed and the egg
cylinder was severed at the epiblast/extraembryonic ectoderm
boundary. The region containing the epiblast was subjected to
enzymatic digestion with pancreatin and trypsin to separate the
epiblast from the visceral endoderm layer. The epiblast tissue and
the extra-embryonic ectoderm piece were then processed for PCR
analysis. We genotyped a total of 21 embryos, using primers that
amplify the wild-type (Wnt3þ), ﬂoxed (Wnt3c) and null (Wnt3lacZ)
alleles, plus a set of primers that amplify the Sox2cre transgene.
The genotyping results reﬂected the expected 50% Mendelian
ratio (w2¼0.047, p40.1). In 11 embryos, we detected the Wnt3
ﬂoxed allele in the extra-embryonic ectoderm region of epiblast-
speciﬁc Wnt3 null embryos (Suppl. Fig. 1C) but not in the epiblast
where Sox2cre is expressed (Suppl. Fig. 1D upper panel), indicating
that efﬁcient recombination of the ﬂoxed allele in the epiblast took
place. These embryos were also positive for the Wnt3lacZ null allele
(n¼11), which allowed us to unequivocally identify the mutant
embryos (Suppl. Fig. 1D lower panel). Ten embryos ampliﬁed the
ﬂoxed allele in the extra-embryonic ectoderm but not the lacZ allele
indicating they were heterozygous Wnt3c/þ;Sox2cre/0 embryos.
To determine whether the primitive streak had been speciﬁed
we analyzed the expression of four primitive streak markers:
Brachyury (T), Axin2, Sp5, and Fgf8. Expression of T (n¼10), Axin2
(n¼6), Sp5 (n¼8), and Fgf8 (n¼7) in the epiblast of E6.5 mutant
embryos was either faint or non-detected (Fig. 1D–G).
In the majority of the mutant embryos analyzed, T expression
was absent in the posterior epiblast (7/10). However, weak T
expression could be detected in three mutant embryos (Suppl.
Fig. 2, black arrowhead). T expression in the extra-embryonic
ectoderm region of mutant embryos was present but weaker than
that of control embryos (red arrowhead Fig. 1D and Suppl. Fig. 2),
indicating that expression of T in this region of the embryo is
partly dependent of Wnt3 function in the epiblast. Expression of
Axin2, Sp5, and Fgf8 was similarly absent or barely detectable in
epiblast-speciﬁc Wnt3 null embryos (Fig. 1E–G).
Since markers of the primitive streak are evident in the
posterior epiblast at E6.0 (Rivera-Perez and Magnuson, 2005),
these results suggest that embryos lacking Wnt3 function in the
epiblast are developmentally delayed by at least 12 h.
The AVE is properly positioned in epiblast-speciﬁc Wnt3 null embryos
The speciﬁcation of the primitive streak on the posterior
side of the mouse embryo, and the positioning of the anterior
visceral endoderm (AVE) on the prospective anterior side, are the
two major events that establish the anterior-posterior axis of the
embryo (Arnold and Robertson, 2009; Beddington and Robertson,
1999). Thus, we inquired whether the AVE was present and
properly localized in epiblast-speciﬁc Wnt3 null embryos by
analyzing the expression of Dkk1, Hesx1 and Hex, three markers
of the AVE (Kimura-Yoshida et al., 2005; Thomas and Beddington,
1996a; Thomas et al., 1998; Zakin et al., 2000).
Dkk1, a Wnt antagonist, was present in all epiblast-speciﬁc
Wnt3 nulls (n¼6) (red arrow Fig. 1H). However, its domain of
expression in wild-type embryos appeared larger that of the
mutant embryos (Fig. 1H). The expression of Hesx1 (n¼5) and
Hex (n¼8) was also detected on the anterior side of all epiblast-
speciﬁc Wnt3 nulls, providing additional evidence that the for-
mation and positioning of the AVE is not altered in these mutants
(Fig. 1I–J). Hex is also expressed at the anterior primitive streak inthe nascent mesendodermal tissue (Thomas et al., 1998).
Epiblast-speciﬁc Wnt3 null mouse embryos show faint expression
of Hex in this region of the embryo (black arrow Fig. 1J and K),
indicating that continuous Wnt3 signaling in the epiblast is
required for progression of mesendoderm formation.
Epiblast-speciﬁc Wnt3 knockout embryos display gastrulation
landmarks but have multiple morphological defects
The weak or absent expression of primitive streak markers
observed in epiblast-speciﬁc Wnt3 null embryos suggested
delayed development, therefore, we analyzed mutant embryos
at E7.5. Our results showed clear expression levels of T (n¼13),
Axin2 (n¼6), and Sp5 (n¼8) in the primitive streak of epiblast-
speciﬁc Wnt3 null embryos (Fig. 2A–C). At this stage, however
additional defects became evident in the mutant embryos.
Mutant embryos had a primitive streak that varied in length,
with the more developmentally advanced ones showing T expres-
sion in the axial midline region (black arrows Fig. 2A). In these
embryos, however the axial midline failed to extend to the same
rostral levels observed in control littermates (black arrows
Fig. 2A). Mutant embryos often showed a bulging mass of cells
in the primitive streak region that projected into the pro-amniotic
cavity (n¼12/27) (black arrowheads; Fig. 2A and C). The node was
not morphologically evident nor was the notochord as indicated
by the expression pattern of T. In addition, the posterior amniotic
fold failed to fuse with the anterior margin of the egg cylinder
(red arrows Fig. 2A–C) (see Pereira et al., 2011).
Dissection of litters at E8.5 showed that abnormal embryos
were in the process of being resorbed (not shown). Genotype
analysis revealed that the abnormal embryos were Wnt3 epiblast
mutants (8/8). The number of mutant embryos corresponded to
the expected 50% Mendelian ratio (8/18) (w2¼0.63, p40.1).
At E9.5 we recovered 11 normal-looking embryos and observed
nine resorption sites. Genotyping of the normal-looking embryos
revealed that they were control heterozygous embryos. Analysis
of the number of heterozygous embryos and resorption sites
matched the expected Mendelian ratios (w2¼0.65, p40.1) sug-
gesting that the resorption sites represented mutant embryos.
These results indicate that epiblast-speciﬁcWnt3 null embryos
can initiate gastrulation but fail to complete it resulting in
lethality and resorption by E9.5.
Wnt3 is expressed in the posterior visceral endoderm but not epiblast
of Wnt3-Epi knockout embryos
Wnt3 null embryos lack a primitive streak and any evidence of
gastrulation (Liu et al., 1999),Wnt3-Epi knockout embryos, however,
begin gastrulation yet lack expression of Wnt3 at E6.5 (Fig. 1C). One
possibility to explain this conundrum is that Wnt3 is initially
expressed in the posterior visceral endoderm of Wnt3-Epi knockout
mutant embryos and initiates the cascade of events that leads to
gastrulation and its expression is later lost as the embryo progresses
in development. Previous studies have shown that Wnt3 expression
in the epiblast begins at E5.75 and that all embryos express Wnt3 in
the epiblast at E6.0 (Rivera-Perez and Magnuson, 2005).
To determine if Wnt3 is expressed in the posterior visceral
endoderm of pre-streakWnt3-Epi knockout embryos we analyzed
the expression of Wnt3 in embryos obtained from crosses
between Wnt3lacZ/þ ;Sox2cre/cre males and Wnt3c/c females dis-
sected at E6.0. We analyzed a total of 20 embryos obtained from
two litters. As expected, 50% of the embryos (n¼10) expressed
Wnt3 in the posterior epiblast and visceral endoderm (Fig. 3A)
indicating that they were control Wnt3þ /c;Sox2cre/0 embryos.
The rest of the embryos (n¼10) expressed Wnt3 only in the
visceral endoderm (Fig. 3A). This was evident in embryos severed
Epi KO
Wnt3
Fig. 3. Wnt3 expression in epiblast-speciﬁc Wnt3 knockout embryos is
restricted to the posterior visceral endoderm. A. Detection of Wnt3 mRNA in
control andWnt3 epiblast knockout (Epi KO) embryos dissected at E6.0. B.Wnt3 Epi
KO embryo severed at the level of the dashed line indicated in A, reveals that Wnt3
expression is restricted to the posterior visceral endoderm. Scale bars, 50 mm.
Axin2
Epi KO
Epi KO Epi KO
Sp5
Epi KO Epi KO Epi KO
T
Epi KO
Epi KO
Epi KO
Fig. 2. Wnt3-epi knockout embryos initiate gastrulation but develop multiple
defects.Wnt3 control embryos (left) and epiblast-speciﬁcWnt3 knockout embryos
(Epi KO) were dissected at E7.5 and hybridized with three primitive streak
markers: T, Sp5 and Axin2. Epiblast-speciﬁc Wnt3 mutant embryos initiate
gastrulation as evidenced by the presence of primitive streak markers and axial
mesendoderm. Axial mesoderm fails to extend anteriorly (black arrows in A).
The posterior amniotic fold fails to fuse to the anterior margin of the embryos to
form the amnion (red arrows). A bulge protruding from the primitive streak region
is visible (black arrowheads). B–C. Mutant embryos show diminished Axin2 and
Sp5 expression. Scale bars 200 mm.
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cated the presence of the Wnt3lacZ allele indicating that these
embryos were Wnt3-Epi knockout embryos (Wnt3lacZ/c;Sox2cre/0).
These results indicate that Wnt3 is initially expressed in the
posterior visceral endoderm of Wnt3-Epi knockout embryos and
suggest that this initial expression initiates the process of primi-
tive streak induction and initiation of gastrulation.
Wnt3 induces the expression of primitive streak markers in MEF cells
Wnt3 has been suggested to act through the canonical Wnt
pathway using morphological analysis and reporter assays in vitro(Bhat et al., 2010; Shimizu et al., 1997). In order to test whether
Wnt3 expression is sufﬁcient to activate the canonical Wnt path-
way and to further understand the molecular basis of Wnt3
signaling during gastrulation we assessed the expression of
primitive streak markers in mouse embryonic ﬁbroblasts (MEFs)
after treatment with Wnt3-conditioned media.
We generated Wnt3-conditioned media by over-expressing Wnt3
in HeLa cells using a construct in which the CMV promoter drives
expression of a bicistronicWnt3-eGFP message. As a negative control,
we generated conditioned media from HeLa cells transfected with
a CMV-eGFP construct (GFP-conditioned media). MEF cells were
treated overnight with Wnt3-conditioned, GFP-conditioned or MEF
media.
The treatment with Wnt3-conditioned media promoted a redis-
tribution of the cellular contents of b-catenin (Fig. 4A). Using confocal
microscopy we observed that a large portion of b-catenin was
relocated to the nuclear compartment after overnight treatment. This
treatment increased the frequency of nuclear localization of b-catenin
by about 6-fold compared to controls (Fig. 4B). These data indicate
that Wnt3 is a potent activator of the canonical Wnt pathway.
Nuclear b-catenin binds to the TCF/LEF protein complex and
alters the rate of transcription of a number of target genes,
including primitive streak markers such as T and Axin2 (Jho et al.,
2002; Yamaguchi et al., 1999). Therefore, we used qPCR to assess
whether overnight treatment with Wnt3-conditioned media led to
changes in the transcription rates of these genes. We also analyzed
the expression of Cyclin D1, a gene involved in the regulation of the
cell cycle that is a well-known target of the canonical Wnt pathway
(Tetsu and McCormick, 1999). Our results showed an increase of T
(10-fold), Axin2 (12-fold) and Cyclin D1 (35-fold) after overnight
treatment with Wnt3-conditioned media, but not when control
media was used (Fig. 4C), suggesting that Wnt3 treatment can
indeed increase the transcription of these target genes. The Wnt3
locus was even more sensitive to changes in transcription rate
(400-fold) than those observed for T, Axin2 and Cyclin D1 (Fig. 4D).
b-Catenin occupies the Wnt3 promoter in a Wnt3-dependent manner
Since the treatment of MEFs withWnt3 activates the canonical
Wnt pathway and increases the transcription of Wnt3 we
Fig. 4. Treatment with Wnt3-conditioned media activates the canonical Wnt pathway and drives the expression of primitive streak markers. A. MEF cells treated
overnight with MEF media (control), GFP-conditioned or Wnt3-conditioned media and immunostained with anti-b-Catenin antibody. Only MEF cells treated with Wnt3-
conditioned media show accumulation of b-catenin in their nuclei indicating activation of the canonical Wnt pathway. B. Quantiﬁcation of cells with nuclear localization of
b-catenin. Treatment with Wnt3-conditioned media signiﬁcantly enhanced the level of nuclear localization of b-catenin when compared either with control or GFP-
conditioned media. Differences between treatment with Control and GFP-conditioned media were not signiﬁcant. C. MEF cells treated overnight either with Wnt3-
conditioned media (black bars) or control media (grey bars) were assayed for Brachyury, Axin2 and Cyclin D1 expression. The primitive streak markers Brachyury and Axin2
show about ten-fold elevated transcription levels relative to controls. The effects on the expression levels of Cyclin D1 are higher (35-fold). D.Wnt3mRNA levels are highly
upregulated after treatment with Wnt3-conditioned media (black bar) relative to control (grey bar). Pictures in panel A are shown at the same magniﬁcation. Scale bar,
20 mm. Graphs show results (mean 7 SEM) from three independent experiments (*t-test, po 0.001).
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canonical Wnt pathway. To address this possibility, we performed
a promoter analysis of the Wnt3 locus using Genomatix software
/http://www.genomatix.deS. We found ﬁve TCF/LEF binding
sites clustered on a DNA segment of approximately 700 bp around
the transcription site of Wnt3 (Fig. 5A). Sequence analysis of the
TCF/LEF-binding sites present at the Wnt3 promoter region
showed the presence of the highly conserved CAAAG domain at
the core of the TCF/LEF-binding sites (Fig. 5B), similar to the onefound in other loci targeted by the activation of the canonical Wnt
pathway (Jho et al., 2002; Tetsu and McCormick, 1999). In order
to determine whether b-catenin occupies the Wnt3 promoter
after activation of the canonical Wnt pathway, we carried out
chromatin immunoprecipitation experiments using antibodies
against b-catenin and primers designed to detect the region
containing the TCF/LEF-binding sites on MEFs treated overnight
either withWnt3-conditioned media or control media. Our results
showed that b-catenin occupies the proximal promoter ofWnt3 in
TCF1 = tagaaagCAAAggggtt
TCF2 = cacccaTCAAtgcccaa
TCF3 = gccgggtCAAAgctcca
TCF4 = agcctgTCAAtcacggg
TCF5 = gttggaaCAAAgtccac
50 bp
TCF1TCF2TCF3 TCF4 TCF5
tupnI
-itnA
-C
at GgIla
mro
N
tupnI
GgIl a
mr o
N
Control Wnt3-treated
Wnt3
T
IgH
M
-itnA
-C
at
M
Fig. 5. b-catenin occupies theWnt3 locus after activation of the canonical Wnt
pathway. A. Schematic representation of the proximal promoter region of Wnt3
showing ﬁve TCF/LEF binding sites around the transcription start site (arrow).
B. Sequence of each TCF/LEF-binding site and sequence logo showing conserved.
C. Overnight treatment of MEF cells with Wnt3-conditioned media results in
b-catenin occupancy of the Wnt3 and Brachyury (T) promoters. IgH promoter
(negative control) does not show occupancy by b-catenin. M, 1 kb (þ) marker.
Fig. 6. b-catenin occupies the Wnt3 locus in vivo in gastrulating mouse
embryos. Wild-type mouse embryos dissected at E6.5 were subjected to chroma-
tin immunoprecipitation using monoclonal antibodies against b-catenin. A. Graph
shows quantiﬁcation of b-catenin occupancy on Wnt3, Brachyury, Axin2 and IgH
promoters in embryos (black bars) and parietal yolk sac (PYS) (gray bars). Axin2
and Brachyury loci were used as positive controls. The IgH locus was used as a
negative control. B. PCR analysis of b-catenin occupancy on Wnt3 locus (upper
panel) and IgH locus (lower panel). M, 1 kb (þ) marker.
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media was used (Fig. 5C). As a positive control, we showed that
b-catenin occupies the Brachyury promoter. The IgH promoter
was used as a negative control. This gene contains similar
sequences to TCF-binding sites in its promoter but it is notexpressed in MEFs. As expected, b-catenin was not detected at
the IgH locus when cells were treated either with control media or
Wnt3-conditioned media (Fig. 5C).
These results indicate that occupancy of the Wnt3 promoter is
due to speciﬁc recruitment of b-catenin after activation of the
canonical Wnt pathway by Wnt3.
b-Catenin occupies the Wnt3 promoter in gastrulating in mouse
embryos
Since treatment with Wnt3-conditioned media leads to occu-
pancy of the Wnt3 promoter by b-catenin, we decided to test
whether the same promoter region was occupied by b-catenin in
gastrulating mouse embryos. To achieve this goal, we dissected
140 E6.5 wild-type embryos from 15 litters and conducted chro-
matin immunoprecipitation assays using an antibody against
b-catenin. We hypothesized that if Wnt3 plays a role in the
activation of its own locus during mouse gastrulation, we would
ﬁnd b-catenin present at the Wnt3 promoter at the onset of
primitive streak formation at E6.5.
Our results showed that b-catenin is indeed present at the
Wnt3 promoter in vivo in embryos dissected at E6.5 (Fig. 6A
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there was no indication of the presence of b-catenin in the Wnt3
promoter (Fig. 6A and B). Once again, the IgH promoter was used
as a negative control. As expected, b-catenin was not found at the
IgH locus in any tissue tested (Fig. 6A and B). As a positive control,
we quantiﬁed the occupancy of Brachyury and Axin2 promoters by
b-catenin (Fig. 6A). The presence of b-catenin at the Wnt3,
Brachyury and Axin2 promoters is in agreement with the pattern
of expression of these genes in mouse embryos at E6.5
(Herrmann, 1991; Jho et al., 2002; Rivera-Perez and Magnuson,
2005). Taken together, these results provide a mechanism by
which Wnt3 regulates its own locus in vivo and initiates the
process of gastrulation.Discussion
Loss-of-function mutations have shown that Wnt3 is essential
for speciﬁcation of the primitive streak and gastrulation (Liu et al.,
1999). However, since Wnt3 is expressed in two different tissues
of the early post-implantation embryo, the posterior visceral
endoderm and adjacent epiblast, it is not possible to differentiate
the speciﬁc requirement of Wnt3 in either tissue in knockout
experiments. In this study, we observed that embryos lacking
Wnt3 exclusively in the epiblast are able to form a primitive
streak and proceed through gastrulation yet they are delayed in
development and have morphological abnormalities that lead to
lethality and resorption by E9.5. These results led us to conclude
thatWnt3 is necessary in the epiblast for the maintenance but not
the initiation of gastrulation.
A previous study that also used the Sox2Cre transgene to ablate
Wnt3 in the epiblast of early post-implantation mouse embryos,
found thatWnt3 epiblast mutant embryos, likeWnt3 nulls, lacked
primitive streak markers at E6.5 and concluded that Wnt3 is
essential in the epiblast for gastrulation (Barrow et al., 2007).
In agreement with Barrow and co-workers, we also noted an
absence of primitive streak markers in the epiblast of mutant
embryos dissected at E6.5, however, this was not the case in all
the embryos analyzed. We noticed weak expression of primitive
streak markers in the posterior epiblast of some embryos suggest-
ing that the primitive streak had been speciﬁed in these embryos
at E6.5. Furthermore, analysis of embryos at E7.5 revealed the
presence of primitive streak markers in all the embryos analyzed
and evidence of gastrulation was indicated by the presence of
axial mesendoderm. Therefore, it appears that Wnt3 epiblast
knockout embryos are delayed in development but are able to
specify the primitive streak and undergo the initial stages of
gastrulation. We believe that the apparent contradictions
between our results and those of Barrow and co-workers can be
attributed to delayed development of Wnt3 epiblast knockout
embryos that suggests absence of gastrulation at E6.5.
Analysis ofWnt3 epiblast mutant embryos at E7.5 revealed the
presence of a protuberance that bulged from the posterior region
of the embryo into the proamniotic cavity. A similar bulge has
been observed previously in Fgf8 mutant embryos (Guo and Li,
2007; Sun et al., 1999). In Fgf8 mutants, the cellular mass has
been attributed to an accumulation of cells in the primitive streak
caused by defects in cell migration (Sun et al., 1999). Since
embryos lacking Wnt3 in the epiblast show defects in the
expression of Fgf8, it is possible that an Fgf8-mediated cell-
migration defect is also the cause of these gastrulation defects
in Wnt3 epiblast mutant embryos.
The phenotype of Wnt3 epiblast mutant embryos was fully
penetrant at E7.5 however the expressivity varied. The variability
appears to reﬂect differences in the stage of development of the
embryos and may reﬂect the outbred genetic background onwhich the embryos were generated or variation in the temporal
inactivation of the ﬂoxed Wnt3 allele in the epiblast. We do not
favor a partial inactivation of Wnt3 in the epiblast since we were
not able to detect the non-recombined ﬂoxed Wnt3 allele in the
epiblast of mutant embryos.
Our experiments showed thatWnt3 is sufﬁcient to activate the
canonical Wnt pathway and initiate the expression of primitive
streak markers including Wnt3 itself. These data support the view
that Wnt signaling orchestrates regulatory events that modulate
the expression of genes such as T, Axin2 and Sp5 at the onset of
gastrulation (Jho et al., 2002; Takahashi et al., 2005; Yamaguchi
et al., 1999). We noticed that theWnt3 locus contains ﬁve TCF/LEF
binding sites closely associated with the transcription start site
and were able to show that b-catenin occupies the Wnt3 promo-
ter in vitro and in gastrulating embryos dissected at E6.5. These
results provide a mechanism to explain how Wnt3 controls its
own expression and the process of gastrulation in mouse
embryos.
An interesting observation is that ablation of Wnt3 in the
epiblast leads to absence of Wnt3 expression in the posterior
visceral endoderm at E6.5. This was also noted in the experiments
of Barrow and co-workers (Barrow et al., 2007). Wnt3 is initially
expressed in the posterior visceral endoderm at E5.5 and a few
hours later in the adjacent posterior epiblast (Rivera-Perez and
Magnuson, 2005). We were able to detect Wnt3 expression in the
posterior visceral endoderm of Wnt3 epiblast knockout embryos
dissected at E6.0. Therefore, it appears that the posterior visceral
endoderm inWnt3 epiblast knockout embryos provides the initial
Wnt3 signal required to initiate the process of gastrulation and to
activate its own expression in the epiblast and that Wnt3 activity
in the epiblast is required to signal back to the posterior visceral
endoderm to maintain Wnt3 expression in this tissue. An alter-
native possibility is that residual Wnt3 activity in the epiblast is
present inWnt3-Epi null embryos at the beginning of gastrulation
and that it is this activity that initiates gastrulation in Wnt3-Epi
null embryos. We do not favor this possibility since we were not
able to detect the presence of the non-recombined allele of Wnt3
in the epiblast layer of the conceptus using PCR nor were we able
to detectWnt3 expression in the epiblast despite ﬁnding evidence
of expression in the posterior visceral endoderm. It is also
important to note here that in Wnt3-Epi knockout embryos, the
posterior visceral endoderm is composed of a conditional allele of
Wnt3 and a null allele. Therefore, the phenotype observed in
Wnt3-Epi null embryos may have been compounded by a reduc-
tion of Wnt3 signaling in the posterior visceral endoderm. Future
experiments aimed at inactivating Wnt3 speciﬁcally in the visc-
eral endoderm should address these questions.
Mice mutant for Gpr177 or Porcupine, two genes required for
Wnt secretion and expressed in the primitive streak, show
gastrulation defects similar to those observed for Wnt3 epiblast
knockout mice (Biechele et al., 2011; Fu et al., 2009). Gpr177 is
also a direct target of the canonical Wnt pathway (Fu et al., 2009;
Yu et al., 2010). Thus, it is possible that the lack of Wnt3 in the
epiblast affects genes involved in the production, maturation and
secretion of Wnts required for further progression with gastrula-
tion. Interestingly, embryos mutant for either of these genes show
expression of Wnt3 in the epiblast, suggesting that the initial
expression of Wnt3 is not dependent on these genes.
The canonical Wnt signaling pathway has been implicated in
mesendoderm induction in Xenopus and in zebraﬁsh (Lu et al.,
2011; Tao et al., 2005). Our results in mouse embryos suggest that
the Wnt signaling role in gastrulation is conserved in most if not
all vertebrates. Intriguingly, a Wnt3 autoregulatory feedback loop
has also been described during the formation of the head
organizer in Hydra (Nakamura et al., 2011) suggesting that the
mechanism by which Wnt3 controls its own expression may be
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